The cold stability of cortical microtubules in root-tip cells of winter rye (Secale cereale L. cv Puma) is altered by growth temperature (GP Kerr, JV Carter (1990] Plant Physiol 93:77-82).
be affected by tubulin istoype. For example, microtubules composed of different f,-tubulin isotypes can differ in their sensitivity to cold-induced depolymerization in vivo (15) . Also, the increased cold stability in vitro of microtubules from antarctic fish, relative to that of temperature species, may be due to changes in a-tubulin (9, 27) .
In a previous report, we have shown that microtubules in cells of cold-acclimated rye (Secale cereale L. cv Puma) roots are more easily depolymerized by a 0°C treatment than microtubules in nonacclimated roots (18) . Thus, the cold stability of microtubules in root-tip cells ofrye is altered in response to growth temperature. As the first step in determining whether this modified cold stability is based upon alterations in tubulin, we have used immunoblots of two-dimensional polyacrylamide gels to probe for changes in tubulin isotypes in rye roots during cold acclimation.
MATERIALS AND METHODS Plant Material
Rye (Secale cereale L. cv Puma) seeds were treated with 2.5% NaOCI for 1 min, rinsed, then grown in the dark on moist paper towels for 2 Pollard (23) . Proteins were precipitated with acetone at -20°C and pelleted at 10,000g for 10 min at 4°C. The pellet was dissolved in buffer A of O'Farrell (20) and stored at -80°C.
Two-Dimensional Electrophoresis and Immunoblotting
Both the isoelectric focusing and SDS-PAGE were accomplished using the methods of O'Farrell (20) as described by Plant Physiol. Vol. 93, 1990 Pollard (23) . Ampholytes were from Bio-Rad and SDS from Sigma. SDS gels were 10% (w/v) acrylamide. Silver staining was done as described by Wray et al. (28) . The amount of protein loaded was the maximum permissible for resolution of isotypes, except as noted.
Electrophoretic transfer of proteins from SDS-polyacrylamide gels to nitrocellulose was as described by Towbin et al. (26) except that a Genie Electroblotter (Idea Scientific, Corvallis, OR) was used at 24 V for 20 min. Immunolabeling of tubulin on nitrocellulose was done using an avidin:biotinylated horseradish peroxidase complex technique (Vectastain ABC, Vector Laboratories, Burlingame, CA) with 4-chloro-l-naphthol as the substrate. Blots presented depict typical isotype patterns observed in several replicates. 
RESULTS

Multiple Tubulin Isotypes in Rye Roots
Good resolution of rye proteins was obtained by twodimensional gel electrophoresis. Changes in the polypeptide composition of rye roots during cold acclimation were easily detectable in silver-stained gels (Fig. 1) . A number of new, unidentified proteins appeared after cold acclimation, while others disappeared. At the level of silver staining, the tubulin region was not altered. However, immunoblotting allowed a more detailed examination of the tubulin isotypes.
Immunoblots showed that the electrophoresis separated the a-and fl-tubulins mainly by pI. Differences in M, were minimal ( Fig. 2 ). The (3-tubulins migrated slightly faster in the SDS dimension and were more acidic than the a-tubulins.
The electrophoretic mobility of a-tubulin, relative to f3-tubulin, did not change during cold acclimation. When a blot of proteins of cold-acclimated roots was reprobed with anti-atubulin, the relative positions of a-and 13-tubulins were identical to that shown in Figure 2 for nonacclimated roots (data not shown).
Multiple a-and (-tubulin isotypes were identified in immunoblots probed with monoclonal antibodies. At least six a-tubulin isotypes were present in nonacclimated roots (Fig.  3) , although the a2 isotype was dominant. Two of the minor isotypes, a5 and a6, were detectable only at higher protein loading levels (cf Fig. 3 , A and B). Seven f3-tubulin isotypes were present in non-acclimated roots (Fig. 4 ). Higher protein loading levels were necessary to detect the (37 isotype (cf Fig.  4, A and B) ; the other six isotypes ((31-6) were present in nearly equal concentrations. (Fig. 3D ). After 4 d at 40C, further modifications in a-tubulins were evident (Fig. 3E) . Six of the seven (3- tubulins present in nonacclimated roots were not altered by exposure to 40C. However, one isotype, (37, disappeared after 2 d at 4C (Fig. 4D) (Fig. 1) .
Antibody Cross-Reactivity Varied
The antibodies used in this study showed cross-reacted with the same a-tubulin isotypes (Fig. 5) (Fig. 6A) . When the same blot was subsequently probed with DM1 B, an additional four isotypes were visualized (Fig. 6B) . B-5-1-2 and DM lB were used for the majority of this work because they cross-reacted with the greatest number of a-and f3-tubulin isotypes, respectively. These monoclonal antibodies to a-and f3-tubulin recognized different sets of isotypes (Fig. 2) .
DISCUSSION
Tubulin Isotypes are Altered during Cold Acclimation Previously, we reported that the cold stability of cortical microtubules in root cells of rye is reduced during cold acclimation (18) . We hypothesized that these changes may result, at least in part, from an environmentally induced change in microtubule composition. Cold stability of microtubules can be influenced by both tubulin (15, 27) and microtubule-associated proteins (21) . With the exception ofa recent initial report by Cyr and Palevitz (4), microtubule-associated proteins have not been identified and characterized in plants. Therefore, we probed for changes in tubulin during cold acclimation.
The composition of tubulin isotypes in rye roots changed during cold acclimation. Differences were noted after only 2 d at 4°C, with further changes evident after 4 d (Figs. 3 and  4) . Pronounced This has been shown in other systems in vitro. Brain tubulin of antarctic fish differs from brain tubulin of cow and warmwater fish mainly in a-tubulin (9) . The constitution of the microtubules in the rye roots may or may not be reflected in the blots shown here. Our immunoblots are of total extractable tubulin, which presumably includes tubulin from microtubules and from the pool of unpolymerized tubulin in the cytoplasm. However, in most systems studied (reviewed in ref. 25) , microtubules polymerize from all available tubulin isotypes. In carrot suspension cells, for example, all available tubulin isotypes are present in the interphase cortical microtubules ( 14) .
Other Proteins of Rye Are Altered during Cold Acclimation
Cold acclimation of rye for 2 d at 4°C increased freezing tolerance of root tips from -9 to -14C (18) . Four d at 4°C increased freezing tolerance further to -18°C (16) . These increases in freezing tolerance are correlated with the appearance or disappearance of unidentified polypeptides (Fig. 1) . Others have also reported such changes in proteins during cold acclimation (1 1, 24) . Such dramatic changes would not be expected in tubulin because it is essential for the formation of the microtubules found in all eucaryotic cells. However, since more subtle changes in tubulin isotypes occur during cold acclimation, it is possible that isotypic or isozymic changes occur in other proteins as well, thus adding another level of complexity to the collection of events and processes referred to as cold acclimation.
Comparison to Other Plant Tubulins
In our system, a-and f-tubulins migrated to different locations on two-dimensional gels (Fig. 2) . f-Tubulin migrated slightly faster in the SDS dimension and was more acidic than a-tubulin. This corresponds to relative positions of carrot a-and f-tubulin reported by Cyr et al. (6) , who also used Sigma SDS. Dawson et al. (8) and Hussey and Gull (12) reported plant a-tubulin migrating faster than f-tubulin using Fisons SDS, but this difference is most likely the result of using different sources of SDS (1) .
Immunoblots of two-dimensional gels probed with monoclonal antibodies to a-and ,B-tubulin indicated that six a-tubulin isotypes and seven /3-tubulin isotypes are present in rye roots. In a separate experiment, a seventh a-tubulin isotype, which cross-reacts with anti-acetylated-a-tubulin was found in these roots (17) . Only four a-and six f3-tubulins are resolved in extracts of carrot cultures (7, 13) , and four isotypes each of a-and f-tubulin in Phaseolus root tips (12) . A similar number of tubulin genes have been found in plant species. For example, the genome of Arabidopsis thaliana contains at least four a-and seven ,B-tubulin sequences (25) .
Tubulin Isotypes and Cold Stability of Microtubules
The data presented here on changes in tubulin isotypes induced by low temperature, coupled with our previous work showing that the cold stability of microtubules is altered by growth temperature and that this cold stability may be related to freezing tolerance (18) , indicate that an altered tubulin composition may be one part of the mechanism by which a plant can modify its physiology to withstand low temperature and freezing. It remains to be demonstrated, however, that the changes in tubulin isotypes in whole roots induced by low temperature are the direct cause of the altered microtubule cold stability observed in root-tip cells. These changes in tubulin isotype could be the result of altered microtubule dynamics at the different treatment temperatures. Data from other systems indicate that acetylation and detyrosination of a-tubulin may result after microtubules are stabilized by other mechanisms (3, 22) . In other words, the changes in isotype may be the consequence, not the cause, ofaltered microtubule stability. Development ofa system to isolate and purify assembly-competent tubulin from rye roots will be essential to determine the effect of tubulin isotypes on cold stability of microtubules.
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